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conductivity for baseplates in electronic packaging. This design is explored by
choosing an invar alloy for the low CTE phase. In order to allow the formation
of a passivation layer protecting from reaction with liquid Al during squeeze
casting, the honeycomb is made of the Cr-rich alloy commonly called “stainless-
invar”. Composite plates containing 20 vol.% and 38 vol.% stainless invar were
processed using honeycombs with the same thickness over cell side ratio.
Experimental CTE values are significantly lower than the predictions of three
different thermo-elastic models. The very limited amplitude of the strain hysteresis
precludes the occurrence of global plastic yielding in the matrix. It appears that,
owing to the high contiguity of the lowCTE phase, the lowvalue of the experimental
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Composite plates in which the low CTE phase has the shape of a honeycomb are anticipated to present optimum
anisotropy of thermal expansion and thermal conductivity for baseplates in electronic packaging. This design is
explored by choosing an invar alloy for the low CTE phase. In order to allow the formation of a passivation
layer protecting from reaction with liquid Al during squeeze casting, the honeycomb is made of the Cr-rich
alloy commonly called “stainless-invar”. Composite plates containing 20 vol.% and 38 vol.% stainless invar were
processed using honeycombs with the same thickness over cell side ratio. Experimental CTE values are signiﬁ-
cantly lower than the predictions of three different thermo-elastic models. The very limited amplitude of the
strain hysteresis precludes the occurrence of global plastic yielding in the matrix. It appears that, owing to the
high contiguity of the lowCTEphase, the lowvalue of the experimental CTE results fromvoid closing andopening
by localised plastic ﬂow. A honeycomb volume fraction of 38% is necessary for bringing the average CTE down to
the level suitable for packaging applications. The ratio of transverse thermal conductivity to density then
amounts to about half of the performance of the best Al/SiC composites.
© 2015 Elsevier Ltd. All rights reserved.
1. Introduction
Current development in electronics leads to a continuous size reduc-
tion of the deviceswhich brings about a drastic increase of the heat to be
dissipated per unit volume of hardware. Electronic components are at-
tached, directly or via an electrical insulator substrate, on the baseplate
of the housing. A major function of the baseplate is the transfer of the
heat toward an external heat sink. Thermal stresses are proportional
to the mismatch between the linear coefﬁcient of thermal expansion
(CTE) of the baseplate and the CTE of the device (~4 × 10−6/K for Si, ~
6 × 10−6/K for GaAs) and/or of the substrate interlayer (4 to
8 × 10−6/K for Al2O3 or AlN) [1]. It follows that, typically between
−20 °C and 150 °C, the baseplate material must present both a high
thermal conductivity (N100 W/m∗K) and a low CTE (b10−5/K). The
housing must resist loads and must be hermetically sealed. The base-
plate material should thus also have sufﬁcient strength and ductility,
and should be compatible for plating and for assemblage with the
other materials of the housing. Obviously, low speciﬁc mass is a major
additional requirement for mobile electronics.
Today, packaging technology privileges the choice either of Cu–W
and Cu–Mo composites, or of low CTE alloys such as Invar® (Fe–Ni36,
CTE b 2 × 10−6/K), N42 (Fe–Ni42, CTE ~ 4.5 × 10−6/K), and Kovar®
(Fe–Ni29–Co17, CTE ~ 5 × 10−6/K) (we will collectively designate this
family of low CTE alloy as “invar”) [2]. The high density of these mate-
rials is a drawback for aerospace and mobile applications. In addition,
the thermal conductivity of invar alloys is low (15 W/m∗K).
Owing to the high thermal conductivity and low density of alumin-
ium alloys, Al-matrix composites are attractive candidates for the
baseplate in mobile electronics. All factors that can contribute to the
strengthening of an Al-based alloy – reduction of grain size, presence
of solute elements and precipitates, strain hardening – bring about a de-
crease of thermal conductivity. A sufﬁciently high thermal conductivity
can thus be obtained only with a relatively soft matrix alloy. As a corol-
lary, the second phase has to contribute signiﬁcantly to the strength of
the composite. Many types of ﬁbre or particulate have been tested for
reinforcing an Al-matrix in view of packaging applications: SiC [3–7],
Al2O3 [8,9], diamond [10–12], graphite ﬂakes [13], ﬂy ash [14], and car-
bon nanotubes [15,16]. The composites can be processed by squeeze
casting or by powder metallurgy provided to control properly the phe-
nomena governing wetting and interfacial reactions with Al. Common
drawbacks are highmaterial and/or fabrication cost and poor suitability
of the composites to machining and joining. Today, composites Al/SiC
with 40 to 65 vol.% SiC particulates are commercially available for
electronics packaging applications.
Potentially, a metal-reinforced composite could offer a better ma-
chinability and a better suitability for assemblage of the baseplate
with the other parts of the housing. Nevertheless, the most stringent
constraint for light weight applications is the tailoring of an adequate
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compromise between density, ρ, CTE, α, and thermal conductivity, κ.
Whereas ρ is a scalar, α and κ are rank-2 tensors. The issue is schemat-
ically represented in Fig. 1 (adapted from [17]) which compares, on a
chart κ/ρ versus α, the property ranges that should be achievable with
composites Al/SiC and composites Al/invar with the same soft Al-base
alloy matrix. The Al/invar composite is the novel solution assessed in
the present paper. The continuous curves represent upper and lower
bounds for the properties of the two composites. These bounds enclose
the possible values of the diagonal components of tensors α and κ in all
directions. On the graph, the best material for light weight packaging
should be located as high as possible and as close as possible to the
left hand side. Owing to the higher density and lower thermal conduc-
tivity of invar, it is anticipated that a similar κ/ρ ratio could be achieved
for composites Al/invar and Al/SiC only if the volume fraction of invar is
lower. Ellipses have been drawn to circumscribe the property domains
thatmay be anticipated for a composite Al/65 vol.% SiC and for two com-
posites Al/20 vol.% invar and Al/40 vol.% invar. The ellipses are drawn
narrow in the vertical direction because the Al matrix is supposed
to present a high contiguity in order to favour thermal conductivity.
The properties of isotropic particulate-reinforced composites would
be located close to the centre of gravity of the ellipse: typically,
the CTE of a commercial composite Al/65 vol.% SiC is close to
8.5×10−6 K−1 (e.g. [18]).
Fig. 1 suggests that, provided the tailoring of the proper anisotropy
of reinforcement architecture, a composite Al/20 vol.% invar can be a
substitute for Al/SiC composites. A composite Al/40 vol.% invar could
also be suitable if the penalty of lower κ/ρ is acceptable. The formability
of the metal makes the tailoring of reinforcement architecture much
easier than with ceramic. Optimisation requires the coupling of a mini-
mum of the diagonal component of tensor α in the direction parallel to
the plate and a maximum of the diagonal component of tensor κ in the
direction perpendicular to the plate. It iswell documented that the ther-
mal expansion of a composite can be lowered by increasing the contigu-
ity of the low CTE phase [3,8,19–22]. On the other hand, as the thermal
conductivity of the metal matrix is primarily due to electron ﬂow, com-
posite thermal conductivity increaseswhen decreasing the scattering of
electrons at matrix/reinforcement interfaces [4,17,22,23]. Hence, the
best architecture should be such that the invar phase presents a high
contiguity parallel to the plane while the Al phase presents a high con-
tiguity perpendicular to the plane. A priori, these conditions would be
met by designing composite baseplates in which the invar phase has
the shape of a honeycomb. The objective of this paper is to explore
that design. The processing conditions of the composite plates are de-
tailed in Section 2, with emphasis on the choice of the invar alloy and
on squeeze casting conditions. Section 3 analyses the inﬂuence of the
invar volume fraction on the thermo-mechanical properties of the com-
posite plates. It is shown that a CTE suitable for the targeted packaging
application can be obtained when the invar honeycomb represents
38% of the volume.
2. Materials processing and testing methods
The preparation of metallic composites with invar as second phase
has been investigated for Cu matrix composites [24] but never for Al
matrix composites. The only feasible route for preparing near-net
shape plates of Al-matrix composite reinforced with a honeycomb
structure is by inﬁltrating the honeycomb with liquid Al alloy using a
technique such as squeeze casting. However, a major problem arises
from the fact that commonly used invar alloys (Invar®, N42, Kovar®)
contain essentially Fe and Ni, which are known to strongly react with
liquid Al. This reactivity brings about the formation of brittle intermetal-
lic compounds at the matrix/reinforcement interface, which has long
prevented theuse of Ni-based and Fe-based particles orﬁbres in Al com-
posites [25,26]. The large exothermic character of the reaction can cause
the melting of the reinforcing phase during squeeze casting. This has
brought researchers to propose reactive inﬁltration of liquid Al into
the porosity of a Fe- or Ni-based solid skeleton as a method for process-
ing bulk aluminide materials [27–30].
Nevertheless, previous work has shown that sound Al composites
reinforced with Fe- or Ni-base ﬁbres can be processed when the ﬁbre
alloy contains a high enough concentration of Cr as to make possible
the formation of a Cr-rich passivation barrier onto the surface [31–33].
The thickness of the passivation barrier can be varied by heat treatment
of the ﬁbres in air before squeeze casting [34,35]. The kinetics of decom-
position of this passivation layer can be controlled by tuning the solidi-
ﬁcation rate during squeeze casting [31].
A Cr-rich invar alloy has been reported in literature, with composi-
tion 54% Co, 36.5% Fe and 9.5% Cr [36–38]. This alloy has been
denominated “stainless-invar”. In all invar alloys, the occurrence of the
invar effect necessitates the stabilisation of the γ (FCC) structure close
to room temperature. Carbon being a potent austenite stabilizer, it has
been shown that, in the case of stainless-invar, a C content higher
than 0.06 wt.% is necessary for having the γ (FCC) structure to be the
major constituent. Increasing the carbon content from 0.06 to
0.18 wt.% causes a progressive CTE increase from a minimum close to
2 × 10−6/K up to about 4.5 × 10−6/K [39].
An ingotwith target composition 53–55wt.% Co, 36–37wt.% Fe, 8.5–
9.5 wt.% Cr, 0.08 wt.% C was cast from the melt, homogenised at 800 °C
for 48 h under Ar, and furnace cooled. The ingot was hot and cold rolled,
with two intermediary annealing steps of 10min at 1000 °C, to produce
sheets of 0.6 mm thickness. Notched strips with two different widths
h= 5.1 mm and h= 3.0 mm were machined into the sheets by spark
erosion (Fig. 2a). Honeycombs were fabricated by assembling these
strips to form grids with square cells (Fig. 2b). For obtaining in-plane
isotropy, an alternative could have been to fabricate the honeycombs
by assembling the strips into a 2D Kagome structure [40]. Nevertheless,
a square-celled architecture was easier to fabricate andwas judged suf-
ﬁcient for the purpose of validating the concept. Two honeycombswere
fabricated: a honeycomb with volume fraction Vinvar = 0.20, i.e. with a
cell size d = 5.7 mm, and a honeycomb with Vinvar = 0.38, i.e. d =
2.8 mm. The composite plate thickness (i.e. the height of the honey-
comb)was h=5.1mmand h=3.0mm, respectively, in order to obtain
a similar cell aspect ratio h/d≈ 1 (optimisation of cell aspect ratio is not
investigated in the present work).
The composites were produced by squeeze casting with alloy
A1100 at 850 °C using processing set up and conditions that have
been detailed in previous work [31,32]. The honeycomb occupied only
Fig. 1. Schematic chart showing the coupling of thermal conductivity per unit mass, κ/ρ,
and thermal expansion, α, for candidate materials for baseplate in electronics packaging
(adapted from [17]). The property domains achievable with composites Al/SiC and Al/
invar are delineated by upper and lower boundary curves.
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part of the mould in such a way that the shrinkage cavity could localise
outside the volume of the composite plates. Prior to casting the liquid
metal, the honeycomb had been preheated in air at 350 °C during 1 h
for creating the passivation barrier suitable for hindering reaction with
liquid Al. This preheating treatment had previously been optimised by
tests carried out by dipping sheets of stainless invar in liquid A1100.
The plates were machined from the as-cast moulding by milling
(Fig. 2c). Observation of the plates by optical microscopy and scanning
electron microscopy (SEM) did not reveal the presence of voids inside
the matrix.
Thermal expansion was investigated by push rod dilatometry.
For the stainless-invar honeycombs and the composite plates, the
tests were made on parallelepiped specimens with dimensions
12 × 26 mm aligned along cell sides. CTE evolution with tempera-
ture was derived from the raw data of strain evolution with temper-
ature. Unless otherwise speciﬁed, the tests were carried out at a rate
of 1 K/min. They always involved several consecutive heating-
cooling cycles between room temperature (RT) and a maximum of
typically 160 °C. Indeed, owing to the redistribution of internal
stresses between the matrix and the second phase during the ﬁrst
cycle, reproducible thermal strains were recorded during succes-
sive cycles only after the end of the ﬁrst cycle. Hence, the experi-
mental results presented in this paper are results measured during
the second – or a subsequent – heating or cooling ramp.
Thermal conductivity, κ, derives from thermal diffusivity, δ, heat
capacity per unit mass, Cp, and mass per unit volume, ρ, according to
Laplace's equation,
κ ¼ δρCp: ð1Þ
Diffusivity in the direction perpendicular to the composite plate was
measured at 40 °C using the laser ﬂash method. Cp was measured by
differential scanning calorimetry.
3. Results and discussion
First, the resistance to thermal fatigue was assessed by submitting
the composite with 38 vol.% invar to a test involving 12 successive
cycles of heating and cooling at 2 K/min between room temperature
and 140 °C. The strain curves remained remarkably reproducible
after the ﬁrst cycle: the strain difference between the beginning of
the 2nd cycle and the end of the 12th cycle amounted to only
Δε ≈ 0.5 × 10−4. Fig. 3 presents a SEM micrograph of the surface
of the composite at the end of the 12 cycles. It shows that the
preheating treatment of the honeycomb has created, on the surface
stainless invar, a strongly adherent, continuous passivation layer of
thickness≈0.25 μm. This layer appears very effective in preventing
reaction between Al and stainless invar during squeeze casting
[31–33]. However, the corollary of this weak reactivity is a weak in-
terface adhesion: the micrograph shows that thermal cycling has
caused some amount of decohesion along the interface between
the Al matrix and the passivation layer. The volume fraction of
voids due to this decohesion cannot be quantiﬁed because it is ex-
pected that the apparent opening of the interfacial cracks is affected
by the polishing of the sample. The authors believe that, as shown by
Salmon et al. [33,35], this interface adhesion could potentially be
improved via heat treatment of the composite after squeeze casting.
For both composites, the strain curves recorded during thermal cy-
cling presented a very small strain hysteresis – amounting to less than
1 × 10−4 – between heating and cooling curves. Assuming in-plane
isostrain in the two phases, this hysteresis translates into a hysteresis
of only Δσ b 7 MPa for the volume average of the in-plane stresses in
the Al matrix. The amplitude of this stress hysteresis is a measure of
the volume average of the stresses needed to drive inelastic strains dur-
ing thermal cycling [19]. It may thus be concluded that strains remain
purely elastic in the major part of the matrix volume.
Figs. 4 and 5 show the temperature dependence of the in-plane CTE
of the composite plates with 20 vol.% and 38 vol.% of stainless-invar, re-
spectively, together with the temperature dependence of the CTE of the
matrix Al 1100 and of the stainless-invar honeycomb. The scatter of the
points follows from the noise in the raw strain data. Fitting curves have
thus been added to highlight qualitatively the trends behind the scatter.
The CTE of the composites decreases very drastically with increasing
stainless-invar volume fraction. It appears that a volume fraction of
38% is necessary for bringing the average CTE between RT and 150 °C
down to a level suitable for packaging applications.
The CTE of the stainless-invar honeycomb increases progressively
from 2 × 10−6 at 35 °C to 12 × 10−6 at 150 °C. Such amplitude of in-
crease of the CTEwith temperature is commonly observed for the alloys
of the invar family. Whereas XRD analysis showed that the structure of
the rolled sheets is FCC, with only traces of α (CC) and ε (HCP) phases,
chemical analysis revealed a C content somewhat higher than the
targeted optimum of 0.08 wt.%. This high C content may have caused a
h d h
Fig. 2. (a) Drawing of the notched strips used to fabricate the honeycombs. (b) Honeycomb
with Vinvar = 0.20. (c) Composite plate with Vinvar = 0.38.
Fig. 3. SEMmicrograph of composite Al/38 vol.% stainless-invar after thermal fatigue test-
ing. The surface of stainless invar is covered by a strongly adherent, continuous passivation
layer of thickness ≈0.25 mm. Thermal cycling (and sample polishing) has caused the
opening of a decohesion crack along the interface between the Al matrix and the passiv-
ation layer.
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higher CTE than expected [39]. Hence, although the CTE of the honey-
comb globally meets the needs of the present work, the authors believe
that a ﬁne tuning of the alloy composition could allow further lowering
the thermal expansion of the honeycomb in the temperature range
targeted for the application.
The CTE of composites is governed in a complex manner by elastic,
plastic, and damage phenomena. In order to apprehend the stress
state that develops in the phases and the role played by inelastic phe-
nomena, the experimental CTE data presented in Figs. 4 and 5 are com-
pared to the predictions of three different theoretical models that
assume pure linear thermo-elasticity.
1. The ﬁrst model assumes equality of the strain in the two phases in
the direction transverse to the plate. This would correspond to the
highest possible level of kinematic constraint in the transverse direc-
tion, i.e. to an upper bound of the in-plane CTE. This stress state
would prevail if the aspect ratio h/d of the honeycomb is large. The
in-plane CTE, which we denote αtr ∙ isotrain, is then equal to the CTE
in the direction transverse to the ﬁbres for a composite with unidi-
rectional continuous ﬁbres. An approximate expression for this CTE
in the framework of isotropic elasticity was proposed by Schapery
[41]. An exact solution was derived later by Lu and Hutchinson for
transversely isotropic ﬁbres and matrix [42]. Using the non-
dimensional coefﬁcients given in [43], if the two phases are isotropic
with the same Poisson ratio ν, the solution of Lu and Hutchinson
yields [19]:
αtrisotrain ¼ αinvarV invar þ αAlVAl þ νV invarVAl αinvar−αAlð Þ
 EAl−Einvar
EinvarV invar þ EAlVAl
2
ν
−3
 
EinvarV invar þ EAlVAlð Þ−EAl
EAl þ 1−2νð Þ EinvarV invar þ EAlVAlð Þ
:
ð2Þ
αtr∙isotrain is thus larger than the rule ofmixture (ROM) (which is rep-
resented by the two ﬁrst terms in Eq. (2)). Figs. 4 and 5 show, for the
two composites, the set of data points calculated according to Eq. (2)
using EAl = 70 GPa, Einvar = 180 GPa, ν = 0.3 together with the
experimental data points for αinvar and αAl.
2. The second model assumes plane stress in the two phases in the di-
rection transverse to the plate. This would correspond to the lowest
possible level of kinematic constraint in the transverse direction.
Phase stresses would progressively tend to plane stress when the as-
pect ratio h/d of the honeycomb decreases. In addition, this second
model assumes the equality of the in-plane strains in the two phases.
It can easily be demonstrated that, for two isotropic phases with
identical Poisson ratio ν, the in-plane CTE, whichwe denote, αpl∙stress,
in-plane isotrain, then expresses as
αplstress in‐plane isostrain ¼ αinvarV invar
þ αAlVAl−V invarVAl αinvar−αAlð Þ
EAl−Einvar
EinvarV invar þ EAlVAl
:
ð3Þ
αpl∙stress, in-plane∙isotrain is thus lower than the ROM. Expression (3) is
identical to the solution of Shapery [41] for the longitudinal CTE of
a composite with unidirectional continuous ﬁbres. Figs. 4 and 5
show the set of data points calculated according to Eq. (3) using
EAl = 70 GPa, Einvar = 180 GPa, ν= 0.3, together with the experi-
mental data points for α invar and αAl.
3. The third modelling approach consists in computing thermo-elastic
stresses and strains by 3D FEM simulations on a representative vol-
ume element (RVE) with aspect ratio h/d=0.87. ABAQUS® compu-
tations were carried out using a single set of material parameters:
EAl = 70 GPa, Einvar = 180 GPa, νAl = 0.335, νinvar = 0.3, αinvar =
2 × 10−6 (i.e. αinvar measured around 40 °C) and αAl = 23 × 10−6
(i.e. αAl measured around 120 °C). The CTE calculated in this way
should thus be merely considered as an approximation for the inter-
val 40–120 °C. It is represented by dashed horizontal lines in Figs. 4
and 5.
FEM simulations indicate that, in the case of pure elasticity, trans-
verse isostrain would predominate in composite Al/20% invar whereas
the stress state in composite Al/38% invar would be intermediate
between plane stress and transverse isostrain. This is not unexpected:
it is anticipated that the volume average of the strain mismatch be-
tween the phases increaseswhen the invar honeycomb volume fraction
increases. On the other hand, the experimental CTE is, for both compos-
ites, signiﬁcantly lower than thermo-elastic predictions. For composite
Al/20% invar, the experimental CTE corresponds more or less to the
prediction assuming plane stress in the transverse direction,which con-
tradicts FEM simulations. For composite Al/38% invar, the low value of
the CTE cannot be justiﬁed in the framework of pure thermo-elasticity.
As mentioned already, the very small amplitude of the strain hyster-
esis indicates that the volume average of the stresses driving inelastic
Fig. 4. Temperature dependence of the CTE of the matrix (points), of the stainless-invar
honeycomb (diamonds), and of composite plate Al/20 vol.% stainless-invar (triangles),
together with predictions of three thermo-elastic models: transverse isostrain (Eq. (2))
(squares); plane stress with in-plane isostrain (Eq. (3)) (circles); FEM computation
(dashed horizontal line).
Fig. 5. Temperature dependence of the CTE of the matrix (points), of the stainless-invar
honeycomb (diamonds), and of composite plate Al/38 vol.% stainless-invar (triangles), to-
gether with predictions of three thermo-elastic models: transverse isostrain (Eq. (2))
(squares); plane stress with in-plane isostrain (Eq. (3)) (circles); FEM computation
(dashed horizontal line).
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phenomena is very much lower than the yield strength of the matrix.
This precludes the occurrence of global plastic yielding in the matrix
during thermal cycling. Hence, the discrepancy between experimental
results and thermo-elastic predictions must be ascribed to the presence
of voids. The essential role that can be played by voids in the expansion
behaviour of composites has beenmuch emphasised in the recent liter-
ature (see section 5 of ref. [19] for a review). The presence of these voids
brings about a relaxation of thermal stresses in thematrix,which causes
a reduction of the CTE in composites with high reinforcement contiguity.
Even in the purely elastic regime, composites containing voids can pres-
ent a CTE lower than the lower elastic bound for two-phase composites
[44]. More often, low CTE values arise as a result of the closing and open-
ing of voids induced by plastic ﬂow localised around the voids. The inﬂu-
ence of the plastic ﬂow localised around voids has been analysed by FEM
simulations [20,45] (the RVEmodel analysed by Shen [20] is very similar
to the honeycomb architecture studied in the present work). These sim-
ulations demonstrate a drastic decrease of CTEwhen the contiguity of the
low CTE phase is large. For example, Nam et al. [45] show that, in a com-
posite Al/70 vol.% SiCp, plastic ﬁlling of the pores during heating brings a
void volume fraction of 0.25 vol.% at RT to be reduced to 0.10 vol.% at
500 °C. A change of the void volume fraction of 0.15 vol.% between
heating and cooling is sufﬁcient to justify the departure of the CTE from
the prediction of thermo-elastic models [45]. The amplitude of this
change is similar to the amplitude of the “non-thermal” volume strain
that can be inferred by subtracting the volume expansion the phases
from the volume expansion of the composite [19].
As argued by several authors [46,47], in composites prepared by liq-
uid metal inﬁltration of a 3D-continuous reinforcement, it is unavoid-
able that, even if inﬁltration had been perfect, at least 1 vol.% of voids
is generated by the hydrostatic tension that arises in the matrix during
cooling from the inﬁltration temperature. Quantiﬁcation of such a low
void volume fraction by metallography is a complex issue. Although
hydrostatic tension in the matrix during cooling is lower in the 2D-
architectured composites studied in the present work, it cannot be
excluded that shrinkage microvoids may be present at the interface al-
ready before thermal cycling. Moreover, the micrograph of Fig. 3 indi-
cates that thermal cycling has brought about, close to the surface of
the composite plate, the opening of debonding cracks along the inter-
face between the matrix and the passivation layer. These cracks are
too small to allow faithful estimation of their volume fraction by SEM
metallography (accounting also for the effect of the polishing treat-
ment). Only high resolution x-ray tomography makes possible the di-
rect measurement of void volume fraction and the observation of the
occurrence of void closure and re-opening during thermal cycling.
This type of experiment has been carried out for the ﬁrst time by
Schöbel et al. [47] on composites Al/60–70 vol.% SiCp and AlSi7/60–
70 vol.% SiCp thermally cycled in-situ between RT and 400 °C. The com-
posites had been produced by inﬁltration of densely packed SiC particle
preforms. For example, in the AlSi7 matrix composite, the void volume
fraction was observed to decrease from 1.7 vol.% to 0.8 vol.% during
heating and to increase back to 1.3 vol.% during cooling.
It can thus be concluded that the presence of voids is a condition for
bringing the in-plane CTE down to the level required for baseplates in
electronic packaging. Obviously, the corollary is that attention needs
to be paid to the issue of stability of the voids during thermal cycling.
This issue has not been thoroughly explored in this work. At least, it
has been observed that composite Al/38% invar exhibits a perfectly
stable behaviour during 12 successive heating-cooling cycles between
RT and 140 °C.
Owing to the absence of Al/invar interfaces in the direction
transverse to the plate, it had been anticipated that the transverse
conductivity of the composites would be close to the upper bound
expressed by the ROM [13]. This was conﬁrmed by conductivity
tests: good agreement with the ROM prediction was obtained within
the limits of experimental precision. Taking κAl = 254 Wm−1 K−1 and
κinvar = 15.5 Wm−1 K−1, this yields κtransverse ≈ 206 Wm−1 K−1 for
the plate with 20 vol.% invar and κtransverse ≈ 163 Wm−1 K−1 for the
plate with 38 vol.% invar. Accounting for the density the composites,
this yields κ/ρ= 54Wm2g−1 K−1 and κ/ρ= 33Wm2g−1 K−1, respec-
tively. These ratios correspond very well to the values anticipated in
Fig. 1. This conﬁrms that, from the point of view of thermal conductivity
per unit mass, composite Al/38% invar cannot match the best Al/SiC
composites.
4. Conclusions
Al-matrix composites are widely studied for potential application in
light-weight electronic packaging. A priori, the best architecture for
achieving the optimum anisotropy of thermal expansion and thermal
conductivity is a composite plate in which the low CTE phase has the
shape of a honeycomb. This work explores this novel design by making
use of an invar alloy for the low CTE phase. The outcomes can be
summarised as follows.
• In order to allow control of the reactivity between the liquid matrix
and the honeycomb during squeeze casting, use has to be made of
an alloy containing a high enough Cr content tomake possible the for-
mation of a protective passivation layer. This condition can be fulﬁlled
with alloy “stainless-invar”, with composition 53–55 wt.% Co,
36–37 wt.% Fe, 8.5–9.5 wt.% Cr, 0.08 wt.% C.
• Composite plates have been processed using stainless-invar honey-
combs consisting of 20 vol.% invar and 38 vol.% invar with the same
cell aspect ratio, which were fabricated from rolled sheets of 0.6 mm
thickness. The plates exhibit very limited strain hysteresis during ther-
mal cycling between RT and 150 °C, which precludes the occurrence of
global plastic yielding in the matrix. Microscopic observation shows
that thermal stresses bring about the opening of decohesion cracks
along the interface between the Al matrix and the passivation layer.
• Experimental CTE values are signiﬁcantly lower than the predictions of
three different thermo-elastic models used to apprehend the stress
state in the phases during heating and cooling. This allows concluding
that, as the contiguity of the invar phase is high, the CTE is reduced by
localised plastic ﬂow inducing the closure or opening of decohesion
voids at interfaces.
• Ahoneycomb volume fraction of 38% is necessary for bringing the aver-
age CTEdown to the level suitable for electronic packaging applications.
For this volume fraction, the ratio of the transverse thermal conductiv-
ity to the density is about 33 Wm2g−1 K−1.
• Potentially, the performance of the composites could still be improved
by tuning the composition of the stainless-invar alloy, by improving the
stability of interface bonding via heat-treatment, and by optimising the
aspect ratio of honeycomb cells.
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